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1991-7902/Copyrightª 2015, AssociatioAbstract Background/purpose: Bacteria inside and outside the root canal at the apical area
are crucial for persistent periapical infection. Thus, we aimed to investigate the composition
and diversity of apical microbiota in persistent apical periodontitis lesions.
Materials and methods: Twenty teeth with persistent apical periodontitis were recruited in
this study. Apical sections of teeth roots were collected from patients during their root-end
surgeries. Apical root samples were cryogenically grinded, and DNA was extracted from powder
samples and preserved according to protocols for later pyrosequencing analysis.
Results: Two thousand two hundred and six bacterial species-level phylotypes (at 3% diver-
gence), 216 genera, and 20 phyla were taxonomically figured out from the pyrosequencing re-
sults, among which Firmicutes, Proteobacteria, Bacteroidetes, Fusobacteria, Actinobacteria,
Synergistetes, and Spirochaetes are the most representative phyla. Massive interindividual var-
iations were revealed in the components of apical microbiota.
Conclusion: Compared with the traditional molecular biological methods, pyrosequencing
technique helped to discover an unexpected high bacteria diversity of apical microbiota in this
study. The etiology of persistent apical periodontitis is complex due to the heterogeneous
communities of bacteria existing in the vicinity.
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Inflammation of the root canal system caused by metabo-
lites of bacteria and/or stimulation of toxic factors can lead
to apical periodontitis, and effective defense shields could
prevent the inflammation spreading to the alveolar bone
and other parts of the organism. Repeated periapical tissue
swelling and progressive bone resorption commonly occur
with persistent apical periodontitis, which are problematic
issues in endodontics.1 Bacteria inside and outside the root
canal at the apical area are more likely to absorb nutrition
from pulpal remnants and periapical tissue exudate, and
this is crucial for persistent local inflammation.2 Moreover,
the therapeutic effects of traditional devices and medi-
cines for root canals are limited due to the existence of
biofilms outside the root canal, which is possibly one of the
most important reasons leading to persistent apical peri-
odontitis. Therefore, etiological studies of persistent apical
periodontitis should include comprehensive and in-depth
understanding of the diversity of the apical microbiota
(microbiota inside and outside of the root canal).
Germiculture andmolecular biologymethodswereapplied
to study the pathogenic bacteria of the teeth with persistent
apical periodontitis from patients who had failed root canal
treatments, and the results showed that these bacteria could
form biofilms on the surface of apical areas and anaerobic
bacteria were the main component among the complex mi-
crobial community outside the root canal.3,4 Most molecular
biological methods can only test the major bacteria groups
among the microbiota, and the diversity of the apical mi-
crobial community has not been well studied and revealed
yet. A 454-pyrosequencing technique is the so-called next
generation sequencing technology, which makes extensive
sequencing possible and economical.5,6 By pyrosequencing,
not only themain bacteria groups but also the low abundance
microbiota can be identified effectively. It is believed that
understanding microorganisms constitutes a very important
part of microbiota ecology and etiology research.
In this study, 454-pyrosequencing technology was
applied to analyze the diversity of apical microbiota for the
sake of understanding the pathogens of persistent apical
periodontitis. Furthermore, the pathogenesis and improved
therapy strategies were discussed.
Materials and methods
Patient selection
Twenty patients (12 males and 8 females) from two hospi-
tals, Jiangsu Stomatological Hospital (affiliated to Nanjing
Medical University), Jiangsu, China and Shanghai Ninth
People’s Hospital (affiliated to Shanghai Jiaotong University
School of Medicine), Shanghai, China were enrolled in this
study. All the patients were selected based on the following
criteria: (1) received treatments for chronic apical peri-
odontitis at least twice; (2) the previous therapy must have
occurred at least 2 years ago; (3) the termini of the root
canal fillings ranged from 0 mm to 2 mm short of the
radiographic root apex; and (4) periapical X-ray radiolucent
area is < 1 cm which could not be healed, and clinically
diagnosed with persistent apical periodontitis, which needsroot-end surgery. The teeth samples were maxillary incisors
with intact crowns or crown restoration, and not in an
acute episode when being sampled. No obvious gingivitis
was observed and the periodontal probing depth was <
3 mm. Those who had any of the following conditions were
excluded: (1) serious systematic disease; (2) periodontal
damage connected to apical lesions; (3) antibiotic intake
history within 3 months; (4) dental root fracture and ab-
sorption/perforation of root canal; and (5) acute inflam-
mation lesions of the skin and other organs.
Sample collection
Protocols for all procedures were approved by the Ethic
Committees of Nanjing Medical University and Shanghai
Jiaotong University School of Medicine, and informed con-
sent forms were collected from all patients.
The sampling procedure reported by Fujii et al7 was
followed. Patients’ mouths were rinsed with 0.12% chlor-
hexidine mouth wash for 3 minutes before the surgery, then
the operation site was sterilized with 1% iodine tincture
after local anesthesia (2% lidocaine with 1:50,000
epinephrine). A curved incision was made according to the
lesion range and the full thickness flap was lifted. In order
to expose the lesion area at the apex, extra bone on the
buccal side was removed with a sterile low-speed hand-
piece with a round bur and granulation tissue was cleared
with a sterile curette. Sterile saline was continuously
applied to reduce the temperature during the procedure.
For further study, 3 mm root apex samples were taken
along the long axis of the tooth with a sterile high-speed
hand-piece with a diamond bur, and sterile saline was
used as a cooling agent. The sampling procedure should be
accomplished as soon as possible for the sake of reducing
the risk of saliva contamination and exposure time of apical
tissue. The samples were then transferred to the microbi-
ology laboratory immediately. After being rinsed with 0.9%
saline on a clean bench, samples were sent to the freezer
mill one by one with liquid nitrogen, the powders were then
stored in a 20C refrigerator for subsequent study. For
detailed experiment procedures see the report by Alves
et al.8 In order to monitor the infection conditions around
the operative region, periosteum tissue was obtained with a
curette and paper spill right after the root apex sample was
obtained, and microbiological tests were then carried out.
DNA from all the tissue samples were examined through
polymerase chain reaction (PCR), and human DNA extrac-
ted from saliva was chosen as a positive control.
DNA extraction from bacteria
A DNA isolation kit (Tiangen, Beijing, China) was used to
extract DNA from all samples based on the protocols pro-
vided by the manufacturer. A260 and a ratio of A260/A280
were selected to evaluate the DNA concentration. DNA ex-
tracts were stored in a 20C refrigerator for further study.
PCR amplification and pyrosequencing analysis
Hypervariable regions V1-V3 in the 16S rRNA gene were
chosen as the PCR amplification fragments, and primers
Diversity of apical microbiota 367were 27F and 533R that contained specific A and B
adaptors and sample tags. The forward primer (B-27F) was:
50-CCTATCCCCTGTGTGCCTTGGCAGTCTCAGAGAGTTTGA
TCCTGGCTCAG-30, and the underlined italic sequence is
the B adaptor; the reverse primer (A-533R) was: 50-
CCATCTCATCCCTGCGTGTCTCCGACTCAGNNNNNNNNNNT-
TACCGCGGCTGCTGG CAC-30, and the underlined italic
sequence is the A adaptor. The sample tag Ns was the
sequence of eight random bases which were sample-
specific designed. The amplicon contained Ns and 454
primers, which were w596 nt in length. The PCR reaction
system (50 mL) included forward and reverse primers
(0.6mM each), template DNA (5 ng), Pfu DNA polymerase
(2.5 U, manufactured by MBI Fermentas, Vilnius,
Lithuania), and 1  PCR reaction buffer. PCR procedures
were as follows: initial denaturation at 94C for 4 minutes,
then repetitive operation 25 times: denaturation at 94C
for 30 seconds, annealing at 55C for 30 seconds, extension
at 72C for 30 seconds, and extension again at 72C for 10
minutes. Negative controls went through the amplification
process as well. PCR products from the same sample were
put into the same PCR tube, and a gel imaging system was
used to observe the bands after agarose gel (2% in tris/
borate/EDTA, buffer) electrophoresis and ethidium bro-
mide staining. The remains were then purified with a DNA
extraction kit (Axygen, Shanghai, China).
Pyrosequencing was performed following the procedures
described. Firstly, a NanoDrop 2000 Ultra-micro spectro-
photometer (Thermo, Waltham, MA, USA) and an Agilent
2100 bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA) were adopted to measure and quantify the DNA con-
centration of every sample before sequencing. Secondly, all
samples were mixed in equimolar ratios to establish the
DNA library, which were later immobilized on the surface of
magnetic beads for emulsion PCR; then every DNA fragment
was amplified independently and in parallel, which resulted
in the generation of tens of millions of DNA copies; after the
amplification, DNA fragments were still attached to beads.
Thirdly, magnetic beads with DNA were collected from the
oil water mixture for pyrosequencing; they were mixed
with other reactants and put into PTP (Pico Titer Plate)
boards, then the boards were placed in 454 GS FLX tita-
nium; charged-coupled device camera captures every
fluorescence signal generated once the nucleotide matched
and connected to the template and accomplished the
pyrosequencing. Finally, data from pyrosequencing were
collected and analyzed with systematic bioinformatics
software.Data analysis
Sequence quality control
Those sequence fragments which met the following quality
control standards were regarded as high quality and were
reserved: at least one end could be matched by the
primer, and the edit distance (the number of bases that
insert, delete, deletion, and mismatch) was < 2; the
length of sequence was > 150 bp; average quantity index
was > 25; and no ambiguous base was contained.9 Se-
quences were categorized according to IDtag after pre-
liminary filtration, and the results were submitted toBacterial SILVA database (SILVA version 106; http://www.
arb-silva.de/ documentation/background/release-106/)
for comparison.
Species diversity analysis based on OTU
UCLUST (http://www.drive5.com/uclust/) and MOTHUR
(version 1.5.0) (http://schloss.micro.umass.edu/mothur/
Main_Page) were adopted to obtain the distance matrix
between different sequences, which was later transformed
to similarity. Sequence fragments with similarity > 97%
were classified as of the same operational taxonomic unit
(OTU) level. The following analyses were carried out based
on the OTU classification: community OTU index, species
abundance estimate index (Chao 1 & ACE), and species
diversity index (Shannon & Simpson) were calculated, and
rarefaction curve was plotted to show the a diversity (di-
versity of species within samples) of apical microbiota at
species level; 8000 sequences were randomly selected from
every sample, and the diversity characteristics of apical
microbiota were evaluated according to the rarefaction
curve.
Phylogenetic information analysis based on 16S database
Ribosomal Database Project (RDP) classifier was used to
classify bacterial species information from phylum to genus
based on two databases respectively, Human Oral Micro-
biome Database (version 10.1; http://www.homd.org/) and
RDP (http://rdp.cme.msu.edu). Critical threshold of con-
fidence coefficient was set as 0.8 for the RDP classifier, and
those that had lower values were classified as unsorted
bacteria. In order to further confirm the bacterial species
information, Blast was adopted to compare the 16S data-
bases mentioned above, and le-5 was set as the critical
threshold. First-known-hit (with certain species informa-
tion and first identified from Blast result) was picked as the
bacteria species information. For each sample, the relative
abundance of every category was the sequence numbers of
every species on every classification level to total sequence
numbers ratio.
Community structure analysis based on UniFrac
UCLUST was adopted to extract the representative OTU
sequence of every sample, which was used to establish the
distance matrix. The structural differences among micro-
florae were discussed by means of principal coordinates
analysis (PcoA).Results
Pyrosequencing was applied to analyze apical microbiota
for all 20 samples, and 155,413 qualified (passed the reli-
ability test lab quality test) 16s RNA were obtained with an
average length of 475 bp. Fig. 1 shows the 20 phyla that
were detected among apical microbiota of teeth with
persistent apical periodontitis. The abundance of seven
phyla accounted for 99% of the total sequence numbers,
which were Firmicutes (31%), Proteobacteria (23%), Bac-
teroidetes (19%), Fusobacteria (12%), Actinobacteria (10%),
Synergistetes (2%), and Spirochaetes (2%). Thirteen other
phyla were: Acidobacteria, Chlorobi, Chloroflexi,
TM7, Cyanobacteria, Deinococcus-Thermus, Elusimicrobia,
Figure 1 Abundance, detection rate, and richness analysis of bacteria phyla in the apical microbiota of 20 teeth samples with
persistent apical periodontitis. (A) Abundance and detection rate of phyla in every sample; (B) phyla abundance in the microbiota;
and (C) phyla richness in the microbiota.
Table 1 Diversity and richness data for the apical
segment microbiota samples from teeth with persistent
apical periodontitis at 3% dissimilarity from the pyrose-
quencing analysis.
Indicators Apical segment microbiota
samples (n Z 20)
Mean number of species-level
OTUs per sample (range)
418.4 (235e654)
Total number of sequences 155,413
Total OTUs (taxa) 2206
Shannon estimator (95% CI) 6.44 (6.42, 6.46)
Chao1 estimator of richness
(95% CI)
2865 (2708, 3059)
ACE estimator of richness
(95% CI)
3281 (3142, 3436)
Simpson estimator of
richness (95% CI)
0.0134 (0.0132, 0.0136)
Good estimator of coverage 99.22
368 Y. Ping et alGemmatimonadetes, Lentisphaerae, Nitrospirae, Plancto-
mycetes, Tenericutes, and Verrucomicrobia, which only
comprised < 1% of the total sequence amount. Sequences
of 0.05% could not be classified to any bacteria phylum.
Regarding detection rate, Actinobacteria, Bacteroidetes,
Firmicutes, Fusobacteria, and Proteobacteria were found in
all samples, as shown in Fig. 1. The most representative
phyla were Firmicutes (consisting of 564 species OTUs),
Proteobacteria (428), Bacteroidetes (359), Actinobacteria
(241), and Fusobacteria (158).
All sequences belonged to 216 genera, and the high
abundance genera were: Streptococcaceae_Streptococcus
(12%), Burkholderia (8%), Prevotella (7%), Fusobacterium
(7%), Veillonella (5%), Leptotrichia (5%), Capnocytophaga
(4%), and Actinomyces (4%). A detection rate of 69 genera
was > 50%, among which seven genera had a 100% detec-
tion rate and > 5% abundance: Prevotella, Streptococca-
ceae_Streptococcus, Actinomyces, Capnocytophaga,
Burkholderia, Fusobacterium, and Leptotrichia. The most
representative genera with a relatively high abundance
were: Prevotella (detected 564 species level OTUs),
Streptococcaceae_Streptococcus (104), Actinomyces (102),
Capnocytophaga (76), Burkholderia (71), Fusobacterium
(59), Leptotrichia (55), Selenomonas (51), Treponema (46),
Veillonella (40), and Porphyromonas (30).
On a species level, 2206 OTUs were detected among
apical microbiota, and only 11 of them had a relative
abundance > 1% among all the sequences, which were:
Actinomyces_gerencseriae, Actinomyces_israelii, Burkhold-
eria_fungorum, Veillonella_parvula, Porphyromonas_gingi-
valis, Tannerella_forsythia, Capnocytophaga_gingivalis,
Leptotrichia_wadei, Fusobacterium_nucleatum, Propioni-
bacterium_acidifaciens, and Synergistaceae_Synergiste-
tes_bacterium_oral_taxon_360. The bacteria with a 100%
detection rate are: Actinomyces_gerencseriae, Actino-
myces_israelii, Actinomyces_sp._oral_clone_IP073, Bur-
kholderia_fungorum, Capnocytophaga_gingivalis, Der-
xia_uncultured_Lautropia_sp., Propionibacterium_acidifa-
ciens, and Propionibacterium_propionicum. The averagevalue of detected OTUs from samples was 418.4 (within the
range of 235e654) on the species level (Table 1).
Data were analyzed from diversity and abundance per-
spectives, and the results are presented in Table 1. Chao1
and abundance-based coverage estimator nonparametric
abundance estimation indicated that 2865 OTUs or 3281
OTUs existed on the species level among all the samples.
There were undetected bacteria species due to the existent
gap between the observed and expected OTUs. Good index
revealed that the coverage rate was over 99% for this test,
which meant 100 extra sequences could only led to 1 OTU.
However, the rarefaction curve shown in Fig. 2 suggested
that the amount of sequences analyzed here may not be
enough to reveal the abundance of bacteria among apical
microbiota of teeth with persistent apical periodontitis.
The composition differences of all the bacteria commu-
nities were reflected in the 2-D graph by PcoA (Fig. 3), and
Figure 2 Rarefaction curve of the apical microbiota of 20
teeth samples with persistent apical periodontitis (3% of
intergenic distance was chosen as threshold). Vertical axis is
operational taxonomic units, and horizontal axis is sampling
depth. OTU Z operational taxonomic unit.
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sented the similarity distances affected by the first and
second main components in every sample; similar compo-
nents resulted in closer distance in the graph. According to
the PcoA results, relatively big differences existed among
samples and low similarities were discovered among bac-
teria communities.Figure 3 Principal coordinates analysis of the apical micro-
bial composition of 20 teeth samples with persistent apical
periodontitis. PcoA Z principal coordinates analysis.Discussion
Apical periodontitis is the reaction of the body to root canal
infection, and it could prevent the invasion of microor-
ganisms to apical tissue effectively. However, microorgan-
isms could pass the protective barrier under certain
circumstances and cause infection outside the root canal.
Previous studies found that microorganisms can stay and
form biofilms outside the teeth root at the apical area.10,11
The biofilm outside the root canal cannot be easily
controlled by root canal therapy instruments and medica-
tion, so apparently the lesion in the core apical area plays
an important role in the persistent chronic inflammatory
process. The microorganisms around the apical area of
persistent apical periodontitis teeth consist of inside and
outside root canal microorganisms, and nutrition from re-
sidual pulp tissue and periodontium exudate provide a fairly
good survival condition.12 Alves et al8 reported that the
microorganism at different positions, 1/3 apex, 1/3 middle,
and 1/3 crown, were different for infected root canals.
Compared with the traditional sampling methods (e.g.,
scraping with paper point or instrument), freeze grinding
method could be used to collect the microflora intactly
from inside (including mesiobuccal canal, dentinal tubules,
and apical ramification, etc.) and outside the root canals of
persistent apical periodontitis teeth. Freeze grinding and
high-throughput sequencing were adopted to the all-round
and in-depth study of apical microbiota composition and
diversity of persistent apical periodontitis teeth, and the
results could help to recognize and explore the pathogens
which may lead to this disease and search for the
pathogenesis.
Restricted by methodology, microbial studies of dental
pulp periapical diseases mainly focused on the pathoge-
nicity of a certain bacterium being separated from the
complicated microbial communities.13 With the develop-
ment of molecular biology, more biological techniques
were applied to study the diversity of microbial commu-
nities related to dental pulp periapical diseases, such as
clone and Sanger sequencing, denaturing gradient gel
electrophoresis (DGGE), and terminal restricted fragment
length polymorphisms. With these advanced methods, the
diversity of microbial communities outside the root canal
have been studied. In 2012, members in a research group
used a PCR-DGGE technique to test the composition of
outside root canal microbiota from 13 samples, and
discovered that the main bacteria existed were Actino-
myces sp. Oral, Propionibacterium, Prevotella sp. oral,
Streptococcus, Porphyromonas endodontalis, and Bur-
kholderia.14 In 2009, Fujii et al7 found 31 bacteria genera
from 20 apical samples of persistent apical periodontitis
teeth by amplifying the 16S rRNA sequences of bacteria,
and facultativeanaerobe accounted for 51.6%; the genera
with a high detection rate were: Staphylococcus, Propio-
nibacterium, Prevotella, Actinomyces, Streptococcus, and
Pseudomonas. In another study, 33 samples of biofilms
outside the root canals were surgically obtained from teeth
with root canal obturation and persistent apical periodon-
titis, and species specific primers were used to test the 16S
rRNA of the sample microorganism; results showed that
bacteria with a high detection rate were: Porphyromonas
370 Y. Ping et alendodontalis, Actinomyces viscosus, Candida albicans, and
Porphyromonas gingivalis.15 However, only the main bac-
teria in the microbiota were detected in those researches,
and bacteria with a low abundance were not detected.
High throughput pyrosequencing was widely applied and
considered an advanced technique to study the bacteria
diversity based on 16S rRNA.16 Unprecedented sampling
depth was reached by processing large quantity of data at a
time, and bacteria with low abundance, so called rare mi-
crobes, could be detected in this way.17 It has been proved
that the detected diversity of oral microflora using high
throughput pyrosequencing was one to two orders of
magnitude higher than that of other techniques.18 In this
study, about 2206 OTUs on the species level (defined as
OTUs at 3% dissimilarity) were detected from apical
microbiota samples, which belonged to 216 genera and 20
phyla; the main phyla were Firmicutes, Proteobacteria,
Bacteroidetes, Actinobacteria, and Fusobacteria, which
accounted for 95% of all the phyla. These five phyla were
also with the highest detection rate and OTUs on the spe-
cies level. It proved that the information quantity about
diversity was far larger than previous studies provided.
OTUs on the species lever showed low detection rate, and
the relative abundances of only 11 species OTUs were > 1%.
Species with low abundance were mostly originated from
the undetected species and genera in the previous studies,
which presented the advantage of pyrosequencing to
detect many bacteria with low abundances comparing to
other molecular biological methods. Currently, only a few
studies used high throughput sequencing technique to
investigate the diversity of the root canal microbiota. Li
et al19 (2010) tested seven samples of the contents inside
the root canal with different clinical symptoms using
pyrosequencing, and discovered that the detected micro-
flora diversity was higher than any other techniques. In
2011, Siqueira et al20 studied the diversity of microbiota
inside the canal root from 10 teeth samples with persistent
apical periodontitis, and the results showed that the ob-
tained diversity was higher than these predicted by the
methods reported in previous works. However, the tissue on
the surface of the apical area was removed completely
during sampling, so the biofilm attached to the external
apical surface was not investigated.
Previous studies proposed that Actinomycetes were
closely related to persistent root canal infections because
they may be the pathogenic factor and could be classified
as Actinomycosis.1 Actinomyces israelii and Actinomyces
gerencseriae were the main pathogenic bacteria and most
commonly detected strains in the failed cases of root canal
treatments. In this study, Actinomycetes were found to be
the dominant bacteria among the apical microbiota, and
the detection rates of Actinomyces israelii and Actino-
myces gerencseriae were 100%. Similar to the previous re-
sults, the abundance of Actinomycetes was relatively high
in the apical microbiota, e.g., the abundance of Actino-
bacteria was 10%, and the abundance of Actinomyces was
4%. Back in 1985, Happonen et al21 detected Actinomycetes
and Propionibacteria with an immunohistochemistry
method from teeth samples with persistent apical peri-
odontitis from failed cases of root canal treatments. Acti-
nomycetes and Propionibacteria were also found in the
granulation tissue of apical lesions in other studies.22 In1988, Sjogren et al23 reported detection of Actinomycetes
from apical tissue after failed root canal treatment, and
the tooth was then cured by root-end surgery. In 2002, Rush
et al24 reported several cases of teeth with periapical
Actinomycosis, which presented the typical histological
appearance of Actinomycosis: necrosis in the center of
aggregated bacteria, rodlike-extended conchocelis around,
and inflammatory cells on the periphery. In 2011, Chugal
et al25 examined the composition of apical microbiota with
DGGE, and Actinomycetes was with the highest detection
rate. The pathogenicity of Actinomycetes is normally low,
so it is possible that the high adsorption and copolymeri-
zation abilities, as well as the abilities to avoid host im-
mune response and survive in the low nutrient
environment, play an important role in the process of
persistent apical periodontitis, e.g., most Actinomycetes
have ciliated structures.26
According to the PcoA results, obvious individual dif-
ferences among bacteria communities were observed,
which was similar to the previous molecular biological
studies about the microbiota.14 The difference of micro-
flora composition among the different individuals with
same disease suggests that persistent apical periodontitis
may be caused by a variety of pathogens, or in other words,
multiple microflora can lead to one lesion.
In conclusion, high throughput pyrosequencing was used
to study the diversity of apical microbiota of teeth with
persistent apical periodontitis. The results revealed that
apical microbiota had a relatively high diversity, and the
etiology of persistent apical periodontitis was far more
complicated than was previously thought.Conflicts of interest
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